Abstract . Room temperature haloaluminate ionic liquids like aluminum chloride-141-buty1)pyridinium chloride, aluminum chloride-1-methyl-3-ethylimidazolium chloride, and aluminum bromide-1-methyl-3-ethylimidazolium bromide have been found to be excellent solvents in which to study the solution chemistry of transition metal halide complexes and related species. investigated in these solvents. The anhydrous, nominally aprotic nature of these ionic liquids precludes the solvation and solvolysis phenomena that often corrupt these species in molecular solvents like water and acetonitrile.
INTRODUCTION
Room temperature haloaluminate ionic liquids constitute an interesting and relatively unexplored class of versatile solvents (for reviews see refs. [1] [2] [3] . Familiar examples of these two component ionic liquids are A1C13-l-(l-butyl)pyridinium chloride (A1C13-BupyC1). A1C13-l-methy1-3-ethylimidazolium chloride (A1C13-MeEtimC1), and A1Br3-1-methyl-3-ethylimidazolium bromide (A1Br3-MeEtimBr). i.e., molten salts, these nonaqueous, nominally aprotic materials possess several very attractive properties including low melting points (as low as -90 O C in some cases), excellent chemical and thermal sta-according to the following reactions, which proceed essentially to completion: pR+X-+ qAlX3+ qR+A1X4' + (p-q)R+X-, (q/p < 1) (1) pRtX-+ qAlX3 + (2p-q)RtA1X4' + (q-p)RtA12X7', (1 < q / p < 2)
+ -
If q / p is less than 1, these melts consist of essentially R' X-and R AlX4 (refs. 4-6) ; they are "basic" because they contain halide ions that are not bound to aluminum. When q/p is greater than 1 but less than 2, R+A1X4' and R+A12X7-(refs. 4-6) are the principle constituents of the system, and these molten salts are "acidic" due to the presence of the latter species, which is a halide ion acceptor.
ionic liquids for which q / p = 1 are considered "neutral" because they contain only R A1X4.
finite concentrations of X-and A12X7' are always present in neutral melts as a consequence of the following autosolvolysis reaction:
Those However, + * ZR+AIX~-t R + A~~X~-+ R+X-
Likewise, very small amounts of X-and A12X7' are always present in acidic and basic ionic liquids, respectively, for the same reason.
order of to
The equilibrium constant for Eq. 3 has been estimated to be on the for the A1CI3-MeEtimC1 and A1C13-BupyC1 systems a t 40 OC (refs. 7,8) .
Room temperature haloaluminate ionic liquids are excellent solvents for absorption spectroscopy.
over, as is the case for any solvent, the useful spectral range of these liquids is dependent upon purity. Colorless AIC13-BupyC1, A1C13-MeEtimC1, and A1Br3-MeF,timBr exhibit a UV cutoff of approximately 280 nm. useful potential range of the acidic chloroaluminate melts (q/p > 1) extends from approximately 0 to 2.0 V v~ a reference electrode consisting of aluminum metal immersed in the q/p -2 ionic liquid.
The positive potential limit of these ionic solvents is determined by oxidation of chloroaluminate ions while the negative limit is determined by aluminum metal deposition.
chloroaluminate melts extends from approximately -2.0 to 0.8 V in the case of the A1C13-MeEtimC1 system and from -1.2 to 0.8 V for A1C13-BupyCI .
oxidation of C1-to C1
Neutral AIC13-MeEtimC1 has a very large potential window that extends from ca. -2.0 to 2.0 V.
potential window is comparable to that for acetonitrile.
the A1Br3-MeEtimBr system is somewhat smaller than that exhibited by its chloride analogs.
moaluminates can be used over the range of potentials extending from 0 to 1.8 V (versus A1 immersed in q/p = 2 melt) while the useful potential range of basic melts extends from about -2.0 to 0.6 V.
The AlCl -MeEtimCl system exhibits the largest electrochemical window of these ionic liquids. The 3
The potential window of the basic
The positive potential limit of basic melt is governed by the while the negative limit is determined by reduction of the organic cation. 2 This diligent recrystallization of the organic salt in the absence of moisture.
removing both protonic and oxide impurities from the chloride based ionic liquids are now available.
former procedure is based on the reaction of ethylaluminum dichloride, C2H5AICI2, with protonic impurities to produce AIC$ and C2H6 (ref. 10); the latter procedure is based on the reaction of phosgene, COCl , with any species containing oxide and produces CO Additional aspects of this reaction will be discussed in greater detail in a succeeding section.
However, procedures for
The and C1- (refs. 11,12) .
In this article the properties of room temperature haloaluminate ionic liquids that contribute to their usefulness as solvents for transition metal and related complexes are described, and a list of the complexes that have been investigated in these solvents to date is provided. In addition, specialized techniques that have been used to study the chemistry of complexes in these ionic liquids are discussed along with recent results concerning the chemistry of transition metal oxide halide complexes and metalmetal bonded polynuclear halide complexes.
RATIONALE FOR U S I N G R O O M TEMPERATURE HALOALUMINATE IONIC LIQUIDS
Historically, many studies of the solution chemistry of actinide, lanthanide, and transition metal halide complexes have been conducted in molecular solvents like water, acetonitrile, and methylene chloride.
Recently, it was pointed out that solvation, solvolysis, and dissociative side reactions often corrupt transition metal halide complexes and related species in molecular solvents (ref. 
Conventional nonaqueous molecular solvents, like acetonitrile, can be employed in place of water in order to avoid hydrolysis reactions, but solvation reactions are still possible:
Solvation reactions are unlikely in nonaqueous solvents with low dielectric constants like methylene chloride, but solubility limitations are frequently encountered.
The chemical nature of room temperature haloaluminate ionic liquids precludes the reactions discussed above. Water can not exist in these ionic liquids because it is destroyed through reaction with the haloaluminate anions. Furthermore, since these melts are completely ionic, they are, like many other molten salts, superb solvents for highly charged complex ions. It should be noted that the deleterious side reactions described above also can be avoided by using high temperature (> 150 OC) inorganic ionic liquids like alkali halides or alkali halide-based haloaluminates. However, the chemistry that is observed for a given solute in these high temperature systems is frequently quite different from that observed for the same solute a t room temperature as a consequence of thermally induced dissociation and disproportionation reactions.
they must be maintained a t elevated temperatures.
In addition, these inorganic ionic solvents are less convenient because
COMPLEX CHEMISTRY IN R O O M TEMPERATURE HALOALUMINATES
A large number of actinide, lanthanide. and transition metal ions have been studied in the basic composi- 
Techniques used to study complex chemistry
The methods that have been used to study complex species in room temperature haloaluminates are essentially the same as those used for similar investigations in conventional solvents. These techniques include cyclic and rotating disk electrode voltammetry, chronoamperometry, controlled potential coulometry, potentiometry, and ultraviolet-visible-IR absorption spectroscopy. Numerous examples in which these techniques have been applied to the study of complexes in these ionic liquids can be found by consulting the references listed in Table 1 . Therefore, further discussions of these techniques will be omitted.
Coupled optical-electrochemical or spectroelectrochemical techniques also have been adapted for investigations of complex ions in room temperature haloaluminate ionic liquids.
based, microprocessor controlled spectroelectrochemistry system was constructed especially for the acquisition of transmission spectroelectrochemical data in these molten salts (refs. 33.41) .
employs a reticulated vitreous carbon optically transparent electrode (RVC-OTE) and is completely controlled by two linked microprocessors that simultaneously collect both electrochemical and spectroscopic data. The potentials in this and a t various applied potentials in the RVC-OTE and a Nernst plot that was constructed from these spectra.
Since each spectrum in this figure was recorded after Nernstian equilibrium was established in the cell, i.e., when the current decreased essentially to zero, the formal potential that is obtained with this method is essentially free from effects due to uncompensated cell resistance. The sweep rate was 0.20 mV s-.
The voltabsorptometric technique, which was developed by electrochemists working in conventional solvents, promises to be a useful tool for probing homogeneous chemistry coupled t o electrode reactions in these ionic liquids.
to the positive and negative limits of these ionic solvents where large background currents obscure the small currents arising from electroactive solutes a t low concentration. These background currents have little or no effect on the spectral response of the absorbing species.
It also appears valuable for investigating redox systems that are positioned close
Transition metal oxide halide complexes
Room temperature haloaluminate ionic liquids often are contaminated with oxide-containing species that appear to be produced during the reaction of adventitious water either with the A1X3 component or with haloaluminate ions in the ionic liquid (vide supra).
nants have not been established, but it appears very likely that they consist of aluminum coordinated to both oxide and halide (see ref. 12 and references therein).
of donating "02-" to some transition metal systems to produce oxide halide complexes.
shown in the following reaction has been observed for both titanium(1V) bromide and chloride complexes in basic melts (refs. 18,36) :
The structures of these oxide-containing contami- 5.1 mM in oxide: (---) after the addition of COCl of the unreacted COCl in vacuo.
--
followed by removal
1
The sweep rates were 50 mV s-.
Thus, the usefulness of COC12 extends beyond merely improving the quality of these melts.
tantly, since the oxide concentration can now be controlled precisely either through the addition of More impor-
[NbCI,$.
-02-**l[ C0Cl2
The reactions between [NbCl61-and [NbCl6l2-and but both reactions can be reversed completely by using COC12.
possible to prepare solutions of the niobium(V) and -(IV) hexachloride complexes that did not contain a t least small amounts of the dimeric oxide chloride species.
in the ionic liquid proceed rapidly to completion, Without the use of COC12, it seemed im.
Transition metal halide cluster complexes
The term "metal cluster" is used to designate polynuclear species with two or more metal atoms in which metal-metal bonding is of sufficient strength to contribute substantially to the heat of formation of the species (ref. 46). These metal-metal bonds differentiate metal cluster species from classical Werner complexes in which metal atoms may share ligands. but do not interact with one another. Metal-metal bonds appear to impart unique properties to transition metal complexes, and such species are of great interest as a consequence of their structure, bonding, and reactivity. Like monomeric complexes, the stability of metal cluster species in molecular solvents is often determined by the reactivity of the solvent.
Not surprisingly, room temperature haloaluminate ionic liquids have been found to be excellent media for stabilizing transition metal halide cluster complexes (Table 1) .
[W2Clg]3*, which exhibits a formal metal-metal triple bond, and [Ru2Brg13-, which is believed to exhibit a single bond (ref. 321, were among the first species of this type to be investigated in ionic liquids.
Both species are quite stable in basic AlCl -MeEtimCl: the former complex was found to undergo a rever- Recently, it was determined that the addition of molybdenum(I1) chloride (Mo C1 imCl produces the [Mo CI transition metal chloride cluster complex is very interesting because it has been found to exhibit photoluminescence in acetonitrile when it is irradiated a t 436 nm.
long-lived excited species, ([Mo C1
cence From this excited species in basic AlCl -MeEtimCl, and Fig. 4 illustrates absorption and emission spectra recorded for such a solution. Luminescence can also be observed from solutions of Mo CI acidic A1CI3-MeEtimC1, but the structure of the luminescent species has not been established.
2-

3-additional species that are under study a t the present time include [Re2Clgl and [Re3Cll21
The latter complex is obtained when rhenium(II1) chloride is dissolved in basic A1C13-MeEtimC1.
cluster, each rhenium atom participates in a metal-metal double bond with two other rhenium atoms.
cluster and the quadruply metal-metal bonded [Re2C18] . complex appear t o be stable indefinitely in the ionic liquid a t room temperature, and both species exhibit reversible one electron reduction reactions a t a glassy carbon electrode in this solvent (ref. 31). 
